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Te o c oApSTRACT

The operatlcn of primary, reserve batteries in a passive mode is
discussed. Anodic passivation of reactive metals, such as Zn, Fe, etc.,

2occurs at critical currencs which are of the order of 0. 1 to 1 amp/cm
Passive anodes dissolve at current densities orders of magnitude less
than the criticaI current. An anode can be put intz: the passive state by
an appropriaw tIc..rical pulse and can be maintainei in this condition by

s0.tiltable connection to the positive battery electrode. Activation of the
anode prior to use can be achieved by a cathodc electrical pulse which
reduces the passive film. The activation time may be from several milli-
seconds to seconds, depending on the magnitude of the cathodic pulse.

The Fe and Fe-Cr systems have been examined as possible anodes
in HC10 4 solutions. Data on passivation of these systems suggest that a
Fe-5%O Cr / acid electrolyte / PbO2 reserve battery could be operated in

the passive mode.
Studies of the passivation of Mg from pH 2 to 14 were carried out

with a view toward using the high energy density characteristics of the
Mg/m-dinitrobenzene battery. In neutral and alkaline solutions Mg is

passive on open circuit and cannot be used in the passive reserve mode.
A seoondary passivation may be present in mildly acid fluoride solutions.

Studies of Cr, Al, and of amalgams of Mg show them to be

unsuitable for use as reserve anodes.
Studies of the passivation of Zn and Zn-alloys in KOH at 30°C have

been made potentiostatically. Zinc shows the characteristic active-passive
current-potential curve although the passive current is too high for use in
the passive reserve mode in Zn-AgO batteries. Studies of the corrosion of
Co, Cu, Fe, Mg, Mn, and Ti in alkaline solutions show them as possible
choices for alloying with Zn to improve its standby characteristics. Cu-Zn
alloys are not acceptable, however, since the addition of Cu lowers the Zn
critical currcz. hut does not lower the passive current sufficiently. Zn-Mg
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solid solutions show the formation of an inactive surface layer and are
therefore not suitable. Cu-plating of Zn n:ay W, suitable for Its pro-
tection on standby.

Studies of the 1passivation of Zn-Fe alloys showed them to be
unsuitable: alloys of 90 Zn- 10 Fe corrode at a high rate even when
passive.

Alloys of Zn-Mn have better characteristics than Zn, but the
corrosion rate in the passive state is too large for the intended appli-
cation.

The Zn-Co and Zn-Ni systems are promising for use as passive
anodes. The active dissolution, passivation, and reactivation of

passivated zinc -alloy anodes were investigated in alkaline solution
varying in concentration from 1 to 6N in KOH. The 1N alkali is less
aggressive than the normal battery electrolyte while 6N KOH approxi-
mates closely battery electrolytes currently in use.

Alloys of 89 Zn - 11 Co have high dissolution currents in the
passive state, while the 78 Zn - 22 Co and 80 Zn - 20 Ni alloys have

acceptably high critical currents and low passive currents. However,
at best, the passive current is still about 5 pIa/cm2

The activation characteristics of promising alloys were examined

in some detail The passive layer of the Zn-Ni alloy is difficult to
reduce even at fairly negative potentials. However, films formed at high
positive potentials can be reduced with greater ease. A series of experi-

ments was carried out in which the passive layer was first pretreated at
an anodic potential and then the electrode activated at 0. 0 v. It was

observed that anodic pretreatment leads to faster activation. Activation
to about 757% of the original current density in the active potential region

can be achieved. The Zn-Co alloys are generally activated with less

difficulty than the corresponding Zn-Ni alloys.
The zinc-cobalt and zinc-nickel systems were studied in electro-

lytes N in KOH with additions of various salts. Electrolytes examined
included SO4, CI', CIO4, and F. In general, the behavior of these
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alloys is approximately tie same In N KOH and In N KOH containing the
above salts. However, some changes ci the passive current and cf the
critical current and some differences in the time dependence of the
passive current were observed in solutions containing chloride saks.

A comparison of primary reserve batteries operated In the
passive mode with batte. 'es activu.ed by conventional gas generators
shows that the passive current must be less than I Pta/cm for the
passive battery to be competitive. Ideally, the passive current should be
less than 0. 1 P a/cm2.

Recommendations on future research on passive anodes are
presented. Particular attention is given to the basic mechanisms of
formation and reduction of passive films In alkaline electrolyles.

A bibliography of the literature on passivation of metals in alkaline
solutions is appended.
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7

Ilig fergy, primnay batteries utiUze anode materials which
-are highy rea-zid iW the specific enviromnent of the battery cell.I Two Piumpal metbxb have been evolved in order to exiend the shelf

Cif of tbese bastteriesi. In eve, the electrolyte is impt: in a separate
,omFartmetm and e inztrodu"ed In the ell upon demand. In the other,
the battery is dhemalýy activated by a -yrcm-Thnic compownd. In this
Ady, a-third method waa explored based on the active-passive
trawmiitO.- of reactive, anode material .The method under study
would also make it posible to tue reacilvd_ anodes in acid soltions
and zhu ik wculd permit coup1mg reactive anodes to cathodes of
organic .poi&-•.er, d a m c.tions wheree the later function at
maxinmmn effic-ency.

Sa) ElectrocEmimty of Anxie Processes

-A ntaeW &mode in -a pri-rary atetery umdergoeo ciddation
according ro a .roaess which may be repreaented by

M -Mz + ze (1)

or M+ n (OH)-) - 0fI4.) + ne

In general, -dis reaction occurs with some overpmenal so
that as its rate increases, the half- cell, poteuial of the metal-metal
ion couple becoes more positive. A battery anode material should
have a low equivalent weight, a negative reversible potential, and a
small overpotenrial for reaction (1). These cl-.aracteristice are met
by reactive metals, e. g., %g, Zn, Fe, etc.

The main waste process, aL, far as the -node is concerned,
is corrosion which occurs by .'mbhiing reaction (1) with a cathodic

process occunring directly on the anode. In battery opLration the
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anodic reaction (1) is coupled via the ezm.nal circuit to the cthode,

while In corrosion, it is coupled to a cathodic reaction, usually
hydrogen evolution or oxygn reduction, ou-rring on the same

eleacro&. It Is apparent from the above, dtt, as a general -ule, I
active materils corrode in the battery electrolyte., €cvseuly,
in order to get a rasonable shelf-life, we must devise ways of

suppressing the corrosion reac:o;, at lebast uatl the battery is
actually used.

A possible way of decreasing corrosion is to inhilit the

caodxtic process without affecting the rate of reaction (1). This
can be done in certain cases, e. g., amalgamation of zinc anodes
raises the hydrogen over-otemial without seriously affecting the
rate of anodic dissolution of Zn. However, in general, it is nri

possible to inhibit the rate of the cattwdc corrosion reaction without
also inhibiting the anodic reaction rate.

An alternative way of protecting the anode during storage
is to passivate it. In this method, the anode would be maintained in
the passive state until the battery was o be used, at which time the
anode could be simply activated by an electrical, cathodic pulse.

b) Passivation

The current corresponding to reaction (1) increases generally
with potential until some critical value is reached whereupce it begins
to decrease. This phenomenon of negative resiaxanca is caused by
the formation, at positive potentials, of a surface oxide layer which

retards the transfer of metal ions from electrode to solution. At
stril more positive potentials, the oxidation rate becomes independent

of potentiaL Here, the oxidation rate is cntrolled by the dissolution
of the surface oxide, i. e., by the rate of a purely chemical process
which is not affected by the field.

-2 -
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The mechanism which gives rise to the potential pedn
portdon of the current-potential curve Is the following. The oxidatiom
current at any given potential in the passive region corresponds to
the rate at which metal ions leave the metal, migrate through the film,
and are incorporated in the metal oxide. The rate of migration through
the film is governed by the field across it, i. e., by the potmxtial
divided by the oxide thickness.

For a passive electrode in a steady-state, the rate of oxide
formation equals the rate of oxide dissolution. If the potential is
raised after a steady-state is achieved, oxide forms faster than it
dissolves since the potential gradient across the oxide film is now
greater. Consequently, the oxide thickens until the field is reduced
to its previous value at which point the rate of oxide buildup and dis -
solution again balance each other. This process is repeated if the
potential is again increased. Thus, in the passive region, the oxide
increases in thickness a- the potential is increased but the oxidation

current remains at a constant, low value.

c) Activation

A passive electrode will revert to an active state, i. e., to
one where oxidation is fieely occurring, if its potential is allowed

to fall below the critical passivanion potentil, Emit. This can be done
either by removing the external bias and allowing the oxide to dissolve
in the electrolyte or by reversing the bias and electro-chemically
reducing the oxide. The first method is termed spontaneous activation,
while the second is referred to as forced activation. Once the oxide is
reduced, current can be drawn through the anode until its potential is
above the critical passivation potential.

d) Application to Primary, Reserve Batteries

Application of the phenomenon cf active-passive transitions
to primary, reserve batteries is relatively straight-forward. Briefly,
the anode is passivated during storage and is activated by a current
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pulse when power is to be delivered.
The feasibility of the proposed application arises from the

relative magnitudes of the current required to pausivate initially
the anode, the current required to maintain it passive, and the
current required to activate it.

The critical current for pasaivity is typically of the order
of 0. 1 to I amp/cm 2, depending on the anode material, the compo-
sition of the solution, the geometry of the electrode, and the
temperature. The current required for maintain the electrode
passive is typically of the order- of 10-6 to 10-8 amp/cm2 , again
depending on the anode materialý solutinn composition, and temperature.
The current for activation is, of coursý, arbitrary; its magnitude
determines :he time required for activation. It is shown below that
currents of a few ma/cm2 will cause activation in le-'s than 0. 1 sec.

The critical currert for passivity is oft-.-n substantially

greater than the value given above, e. g. , it is about 20 amTV/c-n
for Fe in H2S0 4. In this case, precipitation of a non-conductink
salt, e.g.-. FeSO4: may occur at lower current densities since the
salt, which is the product of anodic oxidation, is transported away
from thý electrode surface at rates which correspond to abouE 1 amp/
cm2 . As salt precipitates, the current i- restricted to areas still
free, and the current density at these places rises until it exceeds
the critical current for passivity. In any case, with a suitable
electrode and electrolyte, one may expect to draw currents of about
1 amp/cm2 before the anode is passivated.

The current in the passive region corresponds, as noted
above, to the rate of dissolution of the surface oxide. I: is clear
thlat this current gives directly the rate of corrosion of the anode
in the passive region. A corrosion current of 10 7 amp/pi corres-
ponds to oxidation of 3.2 x 10-5 equiv/cm2/ year or, assuming a two
electron oxidation, e.g., Mg p._. Ng _- + 2e or Fe -) Fe ++ + 2e,

and an atomic weight of about 50, to the loss of 8 x 10-4 grams per
cm2 per year. Expressed in another way, the corrosion loss in the

-4-



passive state is less than approximately 0.05 mils per year. A five-
year shelf life is, therefoze, easily achieved with loss of about 0. 5
mils of electrode material. If the passive current is 10-8 amp/cm2

(as it is, for example with certain alloys), the battery life for the
same loss of material would, of course, be larger by an order of

magnitude.
Activation of the electrode can be achieved by reducing the

surface oxide by a cathodic pulse. The magnitude of the pulse could
be adjusted to cause reduction in, say, less than 0. 1 sec. The required
current can be estimated as follows: Let it be assumed that the oxide
layer is of the order of 30 A thick, as it is, for example, for Fe, Ni,
etc. This corresponds to about two la ers of oxide with total charge,

Ter,

for reduction, of about 500 ̂  coul/cm . Therefore, the required
cathodic currerm for activation is

i "' 5 x 10-4 coul/cm 2

and if t' =0. 1 sec., then

ic =5x 10 3 amp/cm2

It is found in practice that somewhat smaller currents
(-V 10-3 amp/cm2) will cause activation in times of about 0. 1 sec.
The reduction probably involves a certain amount of self-reduction
which occurs when the film becomes partially reduced and the under-
lying metal is exposed to the solution.

In summary, when in the active state, useful currents of about
1 amp/cm2 can be drawn through the anode; however, the corrosion
current in the active state is also relatively high (10-4 to 10-3 ama/cm2).
When passive, the anode is inactive, does not corrode appreciably, and
can be kept in this condition for extended periods. A passive anode can
be activated by a pulse of theorder of 10 amp/cm in times of about
0. 1 sec.
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e) Applcation M~ethods

The application of the method of anodic protecdon to primary
reserve cells involves the use of an auxiliary power source for a

short time. After battery assembly, the anode may be passivated

using an external power source with the cathode as an auxiliary
electrode. The power source may be a current supply which delivers

a current exceeding the critical current for passivity. After passivarion,

the low current needed to maintain the a-ode passive can be provided

by electrically connecting the anode and ce'hode through a current-

limiting device using a diode.

For activation, the connection between anode and cathode must

be broken and a cathodic pulse of about I to 5 ma/cm2 delivered
through the anode. Depending on the circumstances of use of the
battery, the current pulse may be delivered from a conventional source

of power or from a small, secondary battery. The activating current

pulse may be adjusted to yield the desired activation time. This time
can probably be varied between 0. 01 and 1 sec depending on the

magnitude of the current pulse, the size of the battery to be activated,

the composition of the anode, and the composition of the electrolyte.
If a conventional power source is available, the cathodic pulse can

probably be increased to achieve activation times of the order of

milliseconds.
A block diagram of the proposed mode of operation is given

in Fig. L The passivating circuit is a cons tant current source which
is disconnected by a transfer switch after the battery is passive. The
same switch can be used to uncouple the plates prior to activation of

the battery by a cathodic pulse.

-6-



Current Limiting Circuit

Constant
Current
Supply

Transfer
Switch

. Battery

Fig. 1. Block Diagram of Electrical System for Operation
in Passive Mode
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11. 'REVIOUS WORK ON PASSIVATION OF POSSIBLE
BATTERY ANODES

There are i number of reactive metals which are possible

battery anodes and which passivate on anodic polarization. From

a literature survey of passivation and of battery systems we selected
three anode materials for study: iron and alloys of iron, magnesium,

and zinc ane alloys of zinc. The first system was chosen as a model;

the other two were selected because of their application in batteries.
We sunmarize below the relevant literature on passivation

studies of Zn, Fe, Cd, and Mg. Refereno*ýs are given in an appendix

under "Bibliography." The references on Fe are not meanc to be
exhaustive but rather illustrative of the phenomena encountered.

a) Zinc: The passivation of zinc has been studied by a number

of research groups, most prominently by Huber, by Sanghi, and by

Kabanov. The original studies by Huber (Helv. Chim. Acta 26, 1037
(1943); 27, 1443 (1944), were extended by Iofa and co-workers (1949)

who studied anodic polarization in Zn in KOH and in KOH containing

zincate. They found that the critical current density for passivity
increased with increasing concentration of KOH and with decreasing

concentration of zincate and that the critical current was temperature
dependent. Furthermore, they observed that stirring increased the

critical current. These observations suggested that passivation is
preceded by precipitation d Zn(OH) 2 and that the passive fiLn itself

was ZN(OH)2 (of rhombohedral structure).
Sanghi and Wynne-Jones (1958), Sanghi and Fleischmann (1959),

and Sanghi and Radhekrishnan (1960) studied the galvanostatic and
potentioswtic passivation of Zn in KOH and in zincate solutions over

the concentration range of 0. O1N to 6N KOH. They found that in the

a. tive range the main electrode reaction is the formation of zinc ions;
this is followed by a potential range in which Zn(OH) 2 precipitates and
eventually by the passive range in which a passive film is formed.

They also observed a dependence oi the critical current on stirring,

an observation which has since been confirmed by a number of investigators.

-8-
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Kabanov and co-workers (1960, 1962) studied passivatiom of
Zn in alkaline solutions' and suggested that the passive film is a
monolayer of ZnO tr of absorbed hydroxyl or oxygen. Using a rotating
electrode, they determined from galvanostatic curves the charge
associated with the formation of the passive layer. this quantity is
proportional to the KOH concentration; it is abr~t 1 mitlicoulomb/crn2

in 0. IN KOH, and it increases to about 10 millicoulombs/cm 2 in
0. 6N KOH.

The passivation process was studied using transient techniques
by Landsberg and co-workers (1957, 1958, 1963) who also determined
tbh charge corresponding to tie formation of a passivating film; they
found that in normal NaOH this is about 10 millicoulombi/cm2 .
Similar studies by Kaesche (1964) in NA2C03 and in NsaHCO3 showed
that passivation is more readiiy achieved in carbonate solutions.

The question of the precise nature of the passivating film is
not settled. It has been suggested that this film is chemisorbed

hydroxyl; alternatively, that it is Zn(OH)2 ; or again that it is ZrO.
X-ray studies by Inoue and co-workers (1954) have identified in the
passive state surface films of cc -ZnO • H20 and ZnO. Howevt.r,
these studies were carried out % h relatively thick films. Electron
diffraction studies by Yuldasheva and Faizullin (1959) did not detect
a definite crystal structure of the pvissive layer, except after prolonged
anodic polarization, when crystalltne ZnO films were found. Levin
and co-workers (1959) identify the passivating layer as ZnO with a
hexagonal lattice.

Studies of the passivation of Zn alloys are very limited.
Prazak studied the corrosion and passivationof a 75% Sn - 25% Zn
alloy in N NaOH. He suggests that the passive layer formed on this
alloy has a composition that differs substantially from the passive
layers formed on the pure metals; consequently the alloy has a lower
critical current and lower corrosion current in the passive state
compared with either Zn or Sn. Anodic polarization of Zn-Cd alloys
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in N NsOH was studied by Dezder's era and Bychkova (1964). They
found dhat the number of equivalents for passlvadto increased with
increasig Zn coment.

The corrosion and lassivazdon of Zn and Zn alloys in acid
solutions were studied by FuJino (1956) and by Wakkd, Sams
El Din, and Kotb (1958).

b) Iron The passivation of iron in both acid and alkaline

solutions has been studied extensively, and it is not possible to give
a detailed accouat of all this work here.

Passivation of iron in acid solutions has been examined in a
series of experimental and theoretical papers originating from
Bonhoeffer's group at the Max Planck Institute in Gottingen. This
work was continued after his death by a number of h's former students,
most notably by Vetter. Mskt of his studies refer to acid solutions

and were c ic -nmed with the determir~ttion of the nature of the passive
film and of its properties in these solutions. The passivation of pure
Fe in H2S04 was shbowa to be preceded by the precipitation of ferrous

stlfate which restricted the anodic current to pores in the non-conducting

FeSO4 layer until an actual current density of approximately 20 amps/cm
was achieved (Franck (1951)). The passive film has a thickness in the
range of 50 R, and it corrodes by a chemical reaction (as distinct
from an electro&emlcal process) with a product of ferric ions in

solution (Vetter 1 955).
The theory of tie potential distribution in passive filuis in Fe

and Fe alloys has been discussed in detail by Verter who suggested

a potential distribution witlhin the passive fiLm c-rrespor4ing to Fe304
nexa to the metal and to Fe 20 3 next to the soltiom. The equilibrtur
protimres of thin films of FeO were examined by Well (1963) who
showed that devisions from norital •ehavior occur even with film
thlckmsses as Urlgh as 50 %. T-t studies at Vetter lWad to an itft~r-
irtaon of the Flade pomential whicd -".vices the observed criticad
potential fOr actiVatIo with the thernmtyoyiicazy exected pomaials
for tie irw/orode systems.

-if, -
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A series of studies of passivation of Fe and of Fe-Cr and Fe-

Cr-Ni alloys were carried out by Kolotyrkin and co-workers (1962,
1963) who concluded that the passivation of these materials is primarily
due to a chermsor bed film of oxygen rather than to an oxide as such.
The controversy between the chemrdsorbed theory and the oxide theory

of passivity has remained an active one, and n.- is doubtful that a clear-
cut reso-Aution between these alternative hypotheses for passivatior. in
acid sclutions will be easily achieved.

Passivation of iron in alkaline solutions has been studied by

a number of authors. An extensive study of the iron system in alkaline

solutions was published in 1947 (Frumkin, Discussions Faraday Soc.,

1, 1947). Further work in alkaline solutions was carried out by
Kabanov (1954) on iron in 1ON NaOH at 200 and 800 C. The passivation
current varied from 20 microamp/cm2 (20 0 C) to I milliamp/cm2 (800C).
The dissolution processes produce Fe (OH)2 , and the passive film is
probably ' -Fe 20 3.

Studies of the passivation of iron in alkaline solutions were

carried out by Cohen and co-workers (1963) who used a boric acid/

borate buffer with pH of about 8.5. They found that the passivation
potential was a function of t.he ferrous iron concentration in solution
and of the pH and suggested that it corresponded to the equilibrium
potential for the ferrous/Fe2 0 3 reaction. Contrary to the suggestions

of Vetter, they inferred that the potential gradient across the p~ssive film

is small and that it is mainly due to a higher defect concentration in the

oxide surface and to a lower Fe4"+ concentration at the oxide/solution

interface.
The actual thickness of the passive film on iron has been

estimated between 15 and 30 A. Kruger (1963) founi by direct measure-
0

ments with polarized light that a film of about 20 A was formed in 0. IN

NaNO2. This initial fihn subsequently dissolved, aud a passive film of

about 15 X was formed. In all cases, even when thick films were

present, the thickness of the film responsible for passivity was only 20

to 30 A thick.

- 11 -



c) Cadmium and Magesium: The behavior of cadmium is in
many respects similar to that of zinc: it dissolves anodically by the

formation of CdOI)2 and it passivates with the formption of an oxide

layer of appreciable thickness. The critical current for passivity

increases with the KOH concentration and increases with stirring in the

same way as for zinc. Ershler and co-workers (1953) foIund that the

passive layer is a small fraction of the oxide formed on anodic polariza-

tion and that precipitation of Cd(OH)2 precedes passivation in KOH

solutions (KOH concentrations up to ION). Sanghi and co-workers (1960)

found that on passivation, the current is controlled by high-field cation

transport through a thick cadmium oxide layer. Shams El Din and co-
workers (1961) studied the behavior of cadmium amalgams in 0. IN
NaOH. In this case, passivation was caused by the formation of Cd(OH) 2

on the surface.

The passivation of magnesium has bee•i studied mostly in

connection with treatments designed to decrease its corrosion rate in

various atmospheres or solutions. It has been suggested that magnesium

is normally either in the passive or trans-passive state in aqueous
environments (King, 1963). However, magnesium dissolves actively

in acid solutions, for example, in H2 SO 4 solutions. The precise

electrochemical behavior of magnesium either in strongly acid or

strongly alkaline solutions has not been established, although some

studies in 2N KOH have been carried out by Barelko and Kabanov (1953).

These authors found that with freshly prepared surfaces, the corrosion

rate was of the order of 10 ma/cm2 but that it decreased to I0o8 - 10-9
2

amps/cm for passivated surfaces. It has been 9i|ggegted that the

thickness of the passivating film is of the order of 20 A and that the

loose porous oxide formed on magnesium in these solutions has no

appreciable effect on the electrode kinetics.

- 12 -



RL EXPERIMENTAL

A block diagram of the nuin experiment apfentu, is
given in Fig. 2. It consists of a pouetiostatic and a galvanoastic

circuit, a relay for switching frm one to the other, a1d recorders

for potential Pad current, Depails of the instrumenAtio are gzen
~ in the fi!gume

f t The electrochemical cbll is a tthree-om tn p t, pyrex

cell withacuit-in Haber-Luggin capillary. The refere.ne electrode
is ether a commercial saturated calomel electrode fitted into the

"cell through an arratgement designed to minimize diffusion of chloride

Pon into the working compartment or a reversible hydrogen electrode.

iThe counter electrnde id platinized platinum and is also se.,rated
from tle w~rklng compartment by a glass grit, so that products of t~he

cathode reaction did not contaminate the working electrosee.
lthe working and counter-electrode compartments were

blanketed in "pre-palrifieda N2. in the threadnce compartment we used
"tagged' H2 to fix the potential of the Pt/H2 reference electrode.

Potentials are given against the reversible hydrogeoi electrode (R. H. E.

in the solution used unless otherwise indicated.
The electrode configuration 13elding the most t-,initinve

and unambiguous results is that of a solid, non-porous cylinder, U`9c,

or plate. Usually, the working electrode was a polished cylinder
H~ cm2 area) which was tapped, threaded, and mounted on a Teflon

gasket. Some alloys are too brittle to be threaded, and were, therefore,

soldered to 4, Pt wire sealed through soft glass. The Pt -and Pt-alloy

contacts were covered with melted Kel-F or with irradiated polyolefin.
Experiments were carried out at 30 + 0. 2°C in KOH or in other electro-

lytes as indicated.

- 13 -



Fig.~~90 2.utal BlckDigrmifsxermetanSstm

S~(3)

o 1 ekgstaat n
31) (Wenking, Std)_ -nlm-- 14)

thew~rlngelCatrode (W 4.r.mute nsprt

Follower

Fig. 2. Block Diagram of Experimental System.

Notes: 1) Wenking standard potentioatat; built-in potential input

calibrated against standard potentiorater; + 0. 1 mv control.
2) M~ercury wet-ed relay, Western Electric Type.

3) Greibaclh m-tro-milliameter, 1/2%. accuracy.

4) Three-compartment, yex cell; S. C. E. or 1fll- asreference electrode , . E. ); platinized platinum ;;
counter electrode (C. E, ); Haber-Luggin capillary built-in;
the working electrode (W. E.)• is mounted in separate
compartment; cell is thermostated + 0. 10C.

5) Oscilloscope or recorder calibrated against standard
Ictentiomneter.
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It was decided to do most of the experiments without
stirring since these conditions beat simulated the conditions in a
primary battery. In the case of studies of Zn in KOH, no zincate was
added to the solution. The absence of stirring is obvious (dissolution
is generally sensitive to stirring), but the absence of zincate perhaps
requires some explanation. In a secondary battery employing Zn
anodes, the zincate aids recharge and also lessens corrosion on standby.
However, neither of these is relevant in a primary battery, particularly
a reserve battery.

Where appropriate, the potential was stepped (via an
electronic potentiostat) so as to evolve H, in between each point. During

this treatment any passive films formed previously tend to be reduced.
Also, the solution was vigorously stirred for one minute to carry
previously dissolved products into the bulk of the solution. The stirring
was discontinued for one minute to allow the solution to become quiescent
and then the potential of the electrode was raised to the next potential of
interest. This procedure was designed to obtain reproducible and

appropriate surface and solution conditions. It was not valuable for
some materials where passive film reduction was very sluggish.

At the potential of interest, we recorded the current as
a function of time and observed any change- in the appearanceof the
electrode. When the current was steady (after -60 seconds over most
of the potential region of interest, but was generally observed for at

least another 5 min), we reverted back to the H2 - evolution potential
in preparation for the next point. In this way we were able to obtain

currents at a fixed potential which reproduced from sample to sample

and during the course of an extended experiment, to within 10%o.

For long term tests, the potential was keptfixed in the

passive region for periods between 16 and 70 hrs.

Electrodes were prepared from the pure metals (see

appropriate sections). Alloys were cast from pure metals and their
exact compositon determined by chemical analysis. In all cases, the

alloys were examined metallographically to insure that they were

single -phase.

15 -



IV. IRON AND IRON ALLOYS
This system was selecte' for study as a model for the

operation of a primary, reserve battery in the passive mode.

a) Passivation Studies with Iror and Iron Alloys

Initial tests of the experimental set-up were carried
out using iron and iron alloys in a ýid solutions for which data exist

in the literature. The results on eolid electrcdes were also compared
with previous measurements carried out at our laboratory. These
measurements aloo illustrate tl.e sensitivity of the passivation
characteristics to metal composition.

The potentiostatic curves given in Figs. 3-6 were obtained
by increasing the potential from negative values (from the open-circuit,
active corrosion potential, to increasingly more positive values. All
the runs were carried ouz in 6N HC1O4 at 300 C.

Iron: Iron in aci.d solutions shows a broad region for
the transition from the active to the passive state,but a very narrow

passive potential region. The transition region is broad because a pre-
cipitated phase (iron salt) forms on the electrode before passivation

sets in. For our purposes, th's is of little consequence; the narrow
passive region is iar more troublesom3 because it implies a very close
control of potential in an actual battery system. In the transpassive
region, which begins at about 900 mv, iron dissolves again at substantial
rates out now in the Fe+3 rather than the Fe+2 state.

Iron-Chromium: Iron-chromium -Iloys containing 2, 4,
and 5% Cr were prepared from electrolytic iron and electrolytic
chromium. Addition of Cr decreases somewhat the critical current

for passivation, and at the same time increases substantially the range
of potentials over which the electrode is passive. The critical current

2is, however, large enough to sustain, even at 5%0 Cr, 300 ma/cm . In
this respect, the iron-chromium anodes are acceptable and are preferable
to iron in having a broader passive range.

The data for Fe and Fe-Cr alloys are tabulated in Table

I.
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Table 1

Passive Characteristics of Iron and Iron-Based Alloys

6N HCIO4 at 30°C

All potentials referred to Saturated Calomel Electrode (SCE)

Passive
Material Critical Potential Critical Current Potential Region

Iron -0. 1 to 0. 5 v 400 ina/cm2  0. 8 too. 9 v
Iron-2% Cr -0. 1 to +0. 2 v 280 ma/cm2 0. 3 to 1.D v
Iron-4 Cr +0.2v 240 ma/cm2  0. 3 to l.2v

Iron-5% Cr + 0. 1 v 350 ma/cm2  0.3 to 1. 1 v

Galvanostatic Runs

Iron-2% Cr : Critical current: 250 ma/cm2

Critical potential: - 0. 15 v

Iron-4% Cr : Critical current: 200 ma/cm2

Critica potential: - 0. 1 v

Galvanestatic Runs: Galvanostatic runs were carried out with
the 2 and 4% Cr alloys (Figs. 7 srnd 8). The critical current for
passivation determined by constant current runs is somewha, smaller
than from potentiostatic runs. This is probably due to the fact that a

longer time elapses in the active region during the potentiostatic runs

and, consequently, the electrode gets-rougher. This illustrates the
effect of surface roughening when dealing with solid electrodes.

- 21 -
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b) Cells Utilizing the Fe/HCIO4/Pb 2 Couple

Iron or iron-alloy anodes can be used in acid solution in

conjunction with cathodes stable in such electrolytes. The Fe/HC104/

Pb0 2 system was selected for study as a primary, reserve battery

operated in the passive mode.
Cells utilizing the Fe/HCIOC4 /PM 2 couple were constructed

using Pb0 2 electrodes plated on Ni from Pb(N0 3)2 solutions. Electrodes

of 25 cm2 in area were prepared, and a total quantity equivalent to 750
coul of PbO2 was plated (to yield 30 coul/cm2).

The theoretical - y density of a cell utilizing this couple

and operating at 150 mas/cm? will depend on the voltage generated at
this current density. The practicai energy density of such a reserve
battery will also Uepend on its size. For comparative purposes we will
choose a battery of 10 v nominal voltage, which will be discharged at
2. 5 amps for 5 minutes.

The theoretical weights of Fe and Pb02 required (assuming
100% discharge efficiency) are:

(2.5 x 300)/105 = 0. 0075 equiv (or 750 coul)

wt of Fe: (0.0075) (28) - 0. 21 g per cell

wt of PbO2: (0. 0075) (120) - 0. 90 g per cell

At a discharge voltage of 1. 5 v per cell, we require 7 cells

for a battery voltage of 10 v. We assume an electrode separation of
1 mm (or 40 mils). For a total current of 2. 5 amps, we require
2. 5/0. 15 = 20 cm2 of electrode area per cell. The electrolyte weight
per cell is thus:

wt HC10 4 : (20) (0. 1) (1.35 g/cc) = 2.70 g / cell of HCLO4

where 1.35 g/cc is the density of 6N HCIO4. For the total battery we
have a theoretical weight of 7 x 2.70 19. 0 g of electrolyte.

- 24 -



From the above we calculate a theoretical weight of

7 (0.21 + 0.90) + 19.0 = 26.8 g

for active material and electrolyte. For the construction proposed we

assume that the weight of container and structural materials will equal

that of the actJve materials and of electrolyte; J. e., total weight Is

2 x (26.8) = 54 g. The energy density of such a battery is, thcr:fore about

(2.5) (10) (454) - 17.5 watts hra/lb
(12) (54)

This estimate includes a realistic allowance for structural

components and a somewhat high estimate of electrolyte weight. The

major component of wveight in the active materials is the weight of

the electrolyte, which depends linearly on the electrode separation. We

assumed here an electrode separation of 40 mils; this can probably be

decreased to 10 mils without difficulty.

Experimental Evaluation of Fe/HC10 4 /PbO 2 Cell: Cells were

constructed using iron electrodes and PbO2 electrodes plated on a nickel

substrate. Each electrode was discharged separately in the electrolyte,

and also the complete battery was discharged at a fixed current (by driving

the cell at 2. 5 amps). The electrodes had an area of 25 cm2 so that the

current density (per geometric unit area) was 100 ma/cm2. The results

are given in Figs. 9-11.

Fig. 9 shows individual potential-time curves for the PbO2 and

Fe electrodes. (In each case a platinum counter electrode was used).

Fig. 10 shows discharge of a complete cell without a separator, while

Fig. 11 shows the discharge characteristics of a cell with h fiberglas

separator. Faradaic efficiencies of about 90o can be achieved at 100

ma/cm-; the discharge voltage is 1. 52 v as against a theoretical voltage

for the couple of about 2. 1 v (between 2. 0 and 2. 36 depending oa the con-

ce',tration of Pb6+ and Fetý in solution). The design characteristics

assumed in the above analysis are, therefore, met in general.

- 25 -



c). Difficulties of a Passive, Fe/HC1O4/PbO2 Primary

Reserve Battery

There are a number of difficulties presented by this couple
when operated in the passive mode. The main difficulty is the high

corrosion rate and small potential region of the passive state of run
in 6N HC10 4. One possible way of overcoming this difficulty is to

use Fe-Cr alloys. The Fe-5%o Cr syotem was studied further in

6N HCIO 4 , and the corrosion rate in the passive region was measured
more accurately. The results are shown in Fig. 12.

The corrosion current is in the range of 30 - 20ia/cm2

it decays to about 1,oa/cm2 over a period of 100 hours. This co., -osion
rate is acceptable; it can probably be further decreased by alloying
with somewhat greater (. 107o) amounts of chromium.

A second difficulty with this sytem is presented by corrosion

of the PbO2 electrode in acid electrolytes. This arisea from self-
discharge of the PbO2 (with oxidation of the substrate) through pores,

cracks, etc., .' the deposit. A certain amount of exploratory work
on this was done, and it was established that (a) PbO2 by it self does

not discharge to any noticeable extent, and (b) coherent, continuous,
pore-free deposits of PbO2 can be plated from Pb(N0 3)2 solutions

onto nickel-plated iron or iron-chromium alloys. However, there is
still the possibility of corrosion in 6N HC10 4 if such cracks develop
during storage.

The Fe/Acid Electrolyte / PbO 2 system can be operated
in the passive, reserve mode. Probably, the best conditions for

2 2this couple are 5 ma/cm and 150 ma/cm utilizing iron alloy

anodes, for example, an Fe-5% Cr anode; an electroplated PbO2

cathode; and an electrolyte which contains H2SO4 , for example, a

mixture of HC10 4 and H2SO 4.

-26 -
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VI. MAGNESIUM AND OTHER POSSIBLE ANODES

a) Magnesium
The Mg anode is of interest because of its theoretical

high energy density. In particular, the anode potential is so low that

one could couple this anode with the m-dinitrobenzene cathode (the

potential of which is only a few tenths of a volt positive to Ht/H 2).

Mg has a very active reversible potential (-2. 4 vs. R. H. E.

at pH = C) but, unfortunately, its performance is limited by a high ')pen

circuit corrosion rate, by rapid H2 -evolution on discharge, and by

rather higher open circuit potentials than ac would expect (above - I. 2v).

We have sought to overcome one of the big problems of the Mg anode -

its high open circuit corrosion rate, using the passive battery concept.

We have investigated the corrosion of Mg in a number of

solutions where it might be used as an anode. In fig. 13 we show the

current-potential curves for Mg in these solutions. The results are

somewhat approximate at the high current densities because of iR

drops. These occur not only in the solution, between the working
electrode and the tip of the Luggin capillary, but also in the layer of

corrosion products which accumulate on the electrode. This latter

makes automatic electronic iR compensation very difficult. The results

are presented without correction and the errors are considerable since,

for example at + 1. 0 v vs. R. H. E., H2 is still being rapidly evolved

from the electrode. In all cases, thick white precipitates of corrosion

products formed on the electrode. Despite these structures, the curves

in Fig. 13 are representative of what would actually be found for a battery

anode.
Since the reversible potential of N%+2/N is - 2.4 v and the

open circuit potential is typically -0. 8 v, it is apparent that the open

circuit potential is a mixed potential between the H+ / 2 reaction and the
,/Mg+2 reaction. The major question is whether the intersection of

the current-potential curves for these reactions occurs in the active

part of the Mg/Mg+ 2 dissolution reaction or where the reaction is

impeded by the formation of a passivating oxide. If the latter is true

(as suggested by King for neutral and alkaline soiAtions, LElctro-
chem. Soc., 110, 1113 (1963)), the dissolution of a Mg anode must

- 31 -
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occur transpassively and the passive reserve configuration is not
possible. According to Fig. 13 this is the case in pH 7 NaClO4 and
pH 7 NaC10 4 , NaH2PO4. In the more add F solution there in some
evidence for active-psWive transformation but it may reflect the
accumulation of macroscopic amounts of WF2 which block the surface,

rather than the formation of a thin passivating film. Evidence for this
was obtained with cathodic galvanostatic pulses from which it appeared
that after a few minutes at 1. 0 v vs. R. H. E., the ohmic drop was 40-A

and the double layer capacity was only - 15 1 'F/cm2 although the
electrode was very badly etched.

The behavior of a Mg anode was investigated further in an

acid solution (pH = 2. 5) of 0. SM a2SO4 We concluded from the
polarization curve (fig. 14) that chemical hg is transpassive in this
solution also and therefore unsuitable for our purpose. Addition of
Cr 207= , which is reported to improve the corrosion resistance of Mg,
did not change the character of the curve (fig. 14).

Anoth-or possible way of improving the Mg anode is combining
it with a high H2 -overvoltage material, e. g. Hg -f Cd. This would

lower the open circuit corrosion rate and would tend to eliminate the
negative difference effect (H2 -evoludon on discharge). Attempt was
made to amalgamate the Mg. Acid-pcikled Mg was dipped into Hg at
2000 C and the corrosion of the resulting solution of Mg in Hg (up to
about 2M in Mg) was examined. It turned out that the h% in Hig diffuses
to the surface of the solution and oxidizes even in air. The amalgam

did not form a coherent protective film, as does Mg itself in air, and

consequently the amalgam rapidly defoliated, i. e. formed thick layers

of a reaction product (MKW, or AIg (OH) 2 , or, perhaps, N*3 N2) on V•'
surface. Rapid H2 -evolutlon was found eveL at open circuit in IM Ksa
and hence the amalgam was not suitable for our purpose.

b) (Aher Possible Anodes
Wo have briefly consider-'d tCe possibility of using other

elenents as negative ectro*& in an alkaline battery.
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AlI shaws the same ptbenomem in dilute a'id solutions as
does Mg. ThE., zhe open circuit pommtbmal is very hig~r current-potential

(ciivft sUWxa to mnxw in Fig. 14 are fotmd, and as with *, H2evlutAion
uireaes as the poteiiial ir-creases (the -"iegaive di fference effect").

In alkalii solumcxE (Fig. 15) Al !E also apparently trans -
psssivv, alhbough the rapid H2 -evolndon under di.zAiarge is wtl seen
i 2-e"'oAurion al open dcdrut (-. 98 y) is apparentlym I 1 ucm 2 (Fig. 16)
and, in fact, dissoluti#f is obviously occurring below open circufit so
dwa the evohciJk is a;Jttle higher dtan shw, n in Fig. 16. Galvaixetatic
ctargixn, both anodic indK cathodic, shaw.ed dý-z presence of films on
the sarface whici could be l'rought to r ins idrable thickness (several
ca!1mxDsicm) hit which readitl dissolved on sub-ecqient potential

of Alin alk (F oiulo ( ig-1)nes itout or orwuroe.

Othrowniunt is well known for its peassive -active dheracter-
istE ndacdd conceivqhly sezve asP batI~ery anode.

zre 17shows ft. adissoludon of Gr in VNan6KOM.
betich cases Eke R;:tve dir-ioiution of Cr was ahsem~ and Zhe open circuit

potemial was vell imo the passive regkm.- Dissaluton was reajonably
raiid atx%-e diis, irt raws passive. Even externde cathodic pretreannrent
'%-0. 6 v for Z hý-s, wi'ere 12 -,-iA j were evolved) failed to
ggi-ve morz dhan a -r~ni~rksio 2Cti-e disso-utioim region. Adtitiotn of 0. 1
'M KCI (ani exo-1knt_ passive-~i'lm &-strcveiv 4c, rt&- 6N KOH electro-;te
was noc successfitl in reveallng ar- active dis-s ut-ioc regioz for Cr. "Wr
amdctde ti-:en Ehar Cr is inE suizable as aD anec material fct the alka ný
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IV. ZINC AND ZINC ALLOYS

Zinc is widely used as an anode in alkaline batteries. Data
in the literature suggested that Zn could be passivated in alkaline solutions.

a) Zinc
Typical current-potential curves for Zn is unstirred 1N and 6N

KOH at 300 C are shown in Fig. 18. The curves show the characteristic
active-passive transition with increasing potential above about -0. 1 v vs.

R. H. E. The currents were stable with time in the active dissolution region

(less than 10%0 change from 1 - 10 min at each potential) but less so in some
parts of the passive region. For example, in 1N KOH, at +0. 1 v, 'I min

was 3.9 mA and 17 minwas 3.7 mA. The electrode was white under these

conditions (probably Z'in(OH) 2 ). Similarly at 0. 6 v, where the electrode
becomes brown, i 1 rin was 6. 0 mA, 17 min was 5.5 mA and 145 min was
4.5 mnA. The largez't change with time is seen in the transition region between

the active and the passive regions (-0. 35 to -0. 1 v). For example at -0. Iv,

1m was 7 mA and il 0 rn was 3.7 mA. The variation with time in 6N KOH,

where the dissolution rate is much higher, was even less. The colors which the
electrode took under the various conditions of polarization are also indicated

on the graph.
As indicated, these curves show that Zn in KOH has the charac-

teristic active-passive dissolution curve and the one required for the present

purpose. However, whi'e the active dissolution rate is suitably high, the
passive dissolution rate is much too high (ov 4. 5 mA/cm2 in 1N KOH and 55 mA/

2
cm in 6N KOH under the best conditions). An appropriate passive dissolution
rate is perhaps one microampere per cm 2 . To achieve this, one can alloy the
zinc (either as a solid solution or as in an intermetallic compound) with an

element. which passivates better in KOH but which still dissolves readily at the

anode potential of the Zn-AgO battery.
The factors which must be considered in selecting suitable alloying

elements are considered in the next section.
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b). Factors Governing Selection of A loying Elements

The factors governing the choice of suitable elements for
alloying with Zn have been considered in some detail in this period. One

important factor governing the selection must be that the alloying element
is as non-noble as possible so that it will not raise the potential of the

anode and reduce the powe:r density of the battery. Information about this is
readily available (Latimer, Oxidation Potentials (1952) or Pourbaix, Atlas of
Electrochemical Equilibria (1963)) although in very alkaline solutions it is

of dubious reliability. Another important characteristic of the alloying con-
stituent then must be the ability to form a passive layer in a potential region

below the AgO/Ag 20 potential ( 1. 35 v v.. R. H. E. ). This passive layer
must be readily removable for activating the battery. Accurate information
about these aspects, i. e. the actual kinetic behavior of elements in alkaline
solutions, is scarce and even less reliable than the theoretical (thermodynamic)

information mentioned above. On the basis of thermodynamic considerations
and on general electrochemical corrosion grounds, we might attempt to alloy

with V, Ti, Zr, Hf, Nb, Ta, Cr, Mn, Fe, Go, Ni, Cu, Cd, In, and Mg.
However, alloying Zn with Ti, Zr, Hf, V, Nb, Ta, Cr, and In is either very

difficult or impossible. This leaves Mn, Fe, Co, Ni, Cu, Cd, and Mg as

reasonable possibilities. Some of these elements are more noble than zinc

itself, and this may turn out to be a problem.
Corrosion tests on a number of elements were carried out in KOH

to test appropriateness for alloying with Zn.

The current potential curve for Mg in IN KOH is shown in Fig. 19.
This metal approaches the desired passive current but is not readily activated;

indeed, we have not really found any significant potential region of active

dissolution. (see also Sec. V)
The corrosion of Cu was investigated in 1N and 6N KOH (Figs. 20

and 21). In IN KOH, Cu shows a typical active-passive transition, being
active at 0. 8 v vs. R. H. E. and showing a minimum of passive current at

1. 1 v, The currents depended very strongly on time. For example, after 45
minutes at 1. 0 v, the corrosion rate was 0. 6 VA/cm2 and the electrode was

covered with a dull brown film.
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Activation was readily achieved with a cathodic galvanostatic
pulse, and a number of potential arrests were seen before H2 - evolution.

The charges involved in these potential arrests were dependent on the current

density, suggesting the reduction of solution species rath;r than ( or In

addition to) surface oxides. Under some circumstances ihe electrode acquired

black, velvety films which could not be reduced galvanostatically.
In 6N KOH (Fig. 21) the currents were much steadier, but the

dissolution rate was considerably higher. For example, the passive current

was 10.4 amp/cmr2. Again, the electrode went through various color stages

in different potential regions. The greater corrosion rate of Cu in 6N KOH

is related to complexing of Cu(OH) 2 by KOH; for example, we found that Cu
(OH)2 is relatively Insoluble In IN KOH and soluble in 6N KOH.

"The corrosion of Ti in IN KOH is of the right order for the present

purpose (Fig. 22) although the active dissolution region is so low that acti-

vation after standby passivation would be difficult. The passive current is

fairly low and, for example, after one hour at 1.0 v falls to about 2.5 (t A/cm

After being taken to 1. 6 v in an extended ruin, the Ti looks little different from its

original condition but reduction of what is certainly a passivating film is very
difficult, since there are no potential arrests at - 1 mA/ cm2 before H2 - evolution.
In 6N KOH, Ti tarnished after a short while at potentials above the hydrogen

potential. Currents were umsteady but low enough to suggest the possible

usefulness of Ti in this medium (a few ý A/cm2 after several minutes at L 0 v).

One of the problems with the Ti system is that although Compounds with Zn
have been reported (Hansen, Constitution of Binary Alloys), they are apparently

difficult to make.
The corrosion of Mn in KOH has also been investigated.

Corrosion currents were low. (Fig. 23 shows 5 min. points) and rather unsteady,

declining rapidly with time. For example, in one experiment at 0. 8 v, the

current fell from 150 to 50 A A/cm2 going from 1 to 5 min; at 1. 4 v it fell a

similar factor in this time range. On reducton from high potentials

(e. g. 1. 4 v) there was a long potential arrest, suggesting the presence of a
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smuface oxide. Below 0. 6 v, the currents were much steadier but still quite
low. 7.he potential of the Mn returns to the H2 -evolution region on cathodic
treatment and the metal behaves pretty much as before. The implication
is that Mn would be suitable for alloying with Zn.

The corrosion of Co in KOH was also investigated. Since the
currents were low and unsteady, it was not possible to obtain a meaningful
current-potential curve. The electrode did not tarnish but the rest potential
was very sensitive. Probably this potential was controlled by air films of
Co oxides (,' +0. 25 ;r) but when these had been reduced (after a few minutes
at +0. 3 v), minor contamination with oxygen in the solution was able to control
the potential at much higher values ( + 0. 98 v). Co appears promising for
alloying with Zn.

The corrosion of Fe in KOH was investigated and the passive
current was found to be very low, although erratic. Alloying of Zn with Fe
may, therefore, reduce the passive corrosion rate of Zn.

c) Passivation Sudies with Zn Alloys

1. Passivation of Zinc -Magnesium Alloys
Magnesium has good corrosion resistance in alkaline solutions

(Fig. 19) and an alloy of 97 Zn - 3 Mg (wto) was therefore tested in KOH.
Figure 24 compares curves in IN KOH (stirred) for Zn and 97 Zn - 3 Mg.

The dissolution of the Zn-Mg is similar tc Zn but about three
times less. An important characteristic of this system is not only the low
passive corrosion rate but also the ready activation on demand, Zn in both
IN and 6N KOH readily activates either under cathodic galvaaostatic driving
or on open circuit. The cathodic chroropotentiogram thus taken has a delay
corresponding principally to the reduction of dissolved zincAte. To test the
suitability or otherwise of the Zn-Mg system in this respect, we carried out the
following experiment. The electrode was left at + 1. 2 v, well into the
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passive region, without stirring (Fig, 24). During this time (N 16 hours),
the cturrent fell from 7.9 mA/cm2 (stirred) to 0.m56 A/cm2 (unstirred).

Then the oxidation rate of the electrode was studied as before and the

electrode, which was black, was inactive as shown in Fig. 24. Although the
open circuit potential was still in the zinc dissolution region ( 0. 37 v) and
was rapidly attained on breaking the circuit, it was not possible to activate this

electrode again either by vigorous H2 -evolution (attempting to reduce the passive
film) or by vigorous 02-evolution (attempting to reach the transpassive
region). In fact, the passive layer behaved like an ohmic film with " resistance
(measured with a current Interrupter) of about 21. 5

In a subsequent experiment the electrode was repolished and run
through the active dissolution rzgime (unstirred) as shown in Fig. 24 (crosses).
Then, we waited 45 min. at 0. 1 v, which is the beginning of the passive
region. During this time (5 min. to 45 min) the current fell from 10 to 8. 3
mA/cm 2. The aim of this experiment was to investigate just where in the
passive region the black ohmic layer is produced. Subsequently, the electrode
was rather inactive (even after 10 mA/cm2 of H2 -evolution for 20 min.); for example,
the maximum dissolution rate oi the alloy was down to 7.5 mA/cm2 from 22

mA/cm2 (unstirred) and extended for a range of less than 0. 1 v (in the vicinity
of - 0. 2 v vs. R. H. E. ) Such a curve, taken in the active dissolution region of
the alloy, is shown dotted in Fig. 24 (open circles). Repetition of this

2procedure lowered the maximum dissolution current to 4 mA/cm . From this
experiment it appears that deactivation of Mg-Zn occurs even as low as - 0. 1 v
vs. R. H. E.

Reactivation of the alloy by cathodic galvanostatic pulses was
attempted. Such activation is possible, although it did not remove the loose
black material covering the surface. The possibility of zinc plating from
solution onto the alloy electrode during the cathodic pulse was considered,
and it was concluded that it did not affect the cesults appreciably. Therefore,
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activation is not due to oxidation of Zn plated out from the solution during the
cathodic"activation". We are sure of this because the extra charge due to
active dissolution at say - 0. 3 v is much larger than could be accounted ýor by
plated zinc. For example, after one minute of a cathodic activation at
- 1 mA, no more than 60 mcoul of Zn could be plated onto the electrode.
(This assumes no H2 -evolution; there is somue however.) This is then the
maximum excess charge which could be attributed to plated zinc in subsequent
oxidation of the alloy. In practice,. we find at least 1200 mcoul (Fig. 25).
Cathodization for longer times gives a more long-lived activatir n.

It is evident that we are partially reducing a very refractory
surface layer which is forming at the active dissolution potential and that this
cannot be the black and rather porous-looking layer which the electrode
acquires after some time under active dissolution. Deactivation of the corrosion,
both in the '"active" dissolut.on potential region (Fig. 26) and in the subsequent
"passive" region, evidently occurs-because of formation of a surface layer
which is difficult to remove. Presumably, this is complicated by loss of zinc
from the surface layers, but it is not certain that this is a predominant effect.
The Mg-Zn solid solution system does not look very promising because the
presence of Mg seems to limit the active dissolution of Zn rather more than it
lowers the passive current.

2. Passivatlon of Zinc-Copper Alloys
Cu has good corrosion resistance to 1N KOH (Fig. 20) and

therefore its alloys with Zn were tested.

Fig. 27 shows the dissolution of 67-33 Zn in IN KOH. The passive
current is about ten times h ?her than that of Cu. After 17 hours at 1. 2 v,
this decreased to 15 ý A/cm and the electrode became black. The electrode
was fairly readily activated but, as can be seen from Fig. 27, the over-all
behavior does not show the Zn active dissolution region.
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The corz'.-5n of 80 Zn - 20 Cu (wt To) in IN KOH is shown in
Fig. 28. This curve shows currents taken point by point after 5 minutes
at each potentiaL Thz currents were fairly steady; e.g. at - 0. 2, v there
is no change from mrin to 5 min and between 0. 5 and 0. 7 v, the worst
region, it decreased by ( 50%0 in this time range. The diagram shows that
the active dissolut Ion of Zn has been pushed from -- 0. 3 v to -v 0. 1 v and
that tlh. critical current is N 10 mA/cm 2 (vs. , 60 mA/cm 2 for pure Zn at
0 . 3 v). This undoubtedly reflec's the lowering of Zn "activity" in the alloy.
After the first passivation at -v 0. 3 v, the electrode shows another active
peak at 0. 53 v and another at 0. 85 v. Another peak is seen at 1.1 v. Thfr,

complex corrosion b'ihavior cannot be fully accounted for at this time and it
appears inappropriate to investigate the system more fully in this corrext.
Thc lowest passive cu.rrent is at ,v 1. 0 v; this is 1. 7 mA/cm 2 after 5 min
arnd still 0. 9 mA/cm 2 P-fter 17 hours.

The conclusion from these studies is that Cu-Zn alloys do not have
suitable corrosion properdes for the primary reserve battery. This is
because the effect of the added Cu is both to raise the active dissolution poten-
tial of the Zn and to decrease Its critical current, not to lower its passive
current enough.

As an alter.:.ative to alloying Cu with Zn, we considered briefly 1he
possibility of protecting the Zn by plating Cu onto it. In this configuration
the Zn electrode would be stored Cu-plated. Cu does not corrode at open
circuit once 02 in thiF electrolyte has been consumed. To activate t&x
battery a pulse is applied to dissolve Cu. One possible disadvantage of this
procedure is that it could not be used for porous Zn (high rate) anodes, only
for smooth ones. Another possible problem is that in order to protect the
Zrn we might have to out a large thickness of Cu onto the Zn (e. g. say microns).
This would make activation difficult. Even worse, once the Cu hae been
removed during the activation procedure, it might plate back canto the Zn,
which will now be well negative of the Cu reversible potential (,v +0. 55 v).

To test this notion, we artenmited to plate Cu onto Zn. The
minimum successful plate used so far Involves about I coul/cm2

from a cyanide bath and aboutt 10 coul/cm2 from an acid sulfate bath
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(, 6000 A in all). This an' unt of Cu on Zn gave the Cu potential in 6N KOH,
However, although it can be removed by anodic discharge, activation is
lengthy because of the large charge involved. Cu, once removed, will tend
to plate back onto the Zn thus deactivating it. Thus, the activated Zn could

only be used while dissolving very rapidly, e.g. - 0. 2 v in 6N KOH. We
conclude that fwrther development wi" be necessary to make this procedure
suitable for the complete protection or Zn anodes.

3. Passivation of Zn-Fe Alloys
Typical curre:nt-potential curves for an alloy of 90 Zn - 10 Fe

are shown in Fig. 29.

Considerable difficulty was experienced in obtaining alloys free
of pores or voids. The difference in behavior between nonporous alloys arJ
alloys containing voids is shown in the figure and is essentially what is
expected from differences in surface area.

The curves show an active-passive behavior but the current in the
passive range is substantial (about 20 ma/cm2 in 6N KOH for a nonporous
alloy). The high passive current is somewhat surprising in view of the

stability of passive films on iron in alkaline solutions. It appears that
approximately 1070 of Fe lowers bNt slightly the passive current (compare to
50 ma/cm2 for pure Zn in 6N KOH). The crttical current is also lowered
by addition of iron from abot c 300 ma/cm2 for pure zinc to about 40 ma/cm2

for the 90 Nz - 10 Fe alloy; the current potential curve in the active region is
also generally shifted to more positive potentials.

it appears from the above that addition of 107% Fe imp? oves the

passive behavior little while it makes the active dissolution characteristics
significantly less desirable than those of pure zinc.

4. Passivation of Zn-Mn Alloys
As mentioned previously, Mn appears sufficiently corrosion

resistant to KOH to be used as a possible alloying addition for imp-roving the

passive behavior of Zn. Results for a nominal composition of 83 Zn - 17

,.-n •n N KOH are shown in Fig. 30 which gives currents taken at 5 min at
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each potential with a progression u~p the curve in the usual point-by -point
fashion. The currents were fairly steady (< 10%, change in 3 to 5 min). The
open-circuit potential was -0. 30 v vs RHE, a little more positive than Zn

2itself, and the max.murn active dissolution current (.v 3 mA/cm ) was found
at quite low potentials (,, -0. 25 v). Both of these are desirable if we are to
maintain the power density of the battery system. However, even at this
potential the electrode turned black and at higaer potentials a long gradual
passivation was observed. The minimum current (.v 0. 6 mA/cm") was too
high for the present purpose and also occurred at too high a potential
(,v 1. 3 v vs RHE, which is too close to the Ag/AgO potential). Although the
general character of the corrosion of the Zn-Mn alloy is qualitatively suitable
for our purpose, the corrosion rate is too high In the passive region and too
low in the active region. Consequently, the material was not tested in 6N KOH.

5. Other Zinc Alloys
The most promising Zn alloys were Zn-Co and Zn-Ni. Their

behavior is discussed in detail in the next section.
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VII. ZINC-COBALT AND Z7NC-NICKEL ALLOYS

a) Passivation of Zn-Co Alloys

Three alloys in the Zn-Co system were studied. Alloys in the
- phase (nominally 11% Co); alloys in the - -phase (nominally 18% C'o);

and alloys in the l -phase (nominally 44%0 Co).

1. ALoys in the X-phase

The nominal composition of these alloys was 82 Zn-18Co.
Chemical analyses showed 82.3Zn and 17.3Co for one set of alloys and
87. 8Zn and 21. 6Co for another.

The current-potential curve for this alloy is shown in
Fig. 31. The rest potential was about 0. 15 v vs RHE, somewhat higher
than Zn, but active dissolution occurred at a reasonably low potential.
Thus the critical current of "7.5 mA/cm2 was found at "0. 0v vs RHE.

Below this potential some H2 -evolution was o!,aeved.
This means that the ac:ual corrosion rates in this region are higher
than those shown in Fig. 31. A separate experiment on a fresh sample
which had not been passivated showed that H2 -evolution at open circuit

22
(-0. 15 v) is about 300 /,cA/cm 2, and while this undoubtedly varies with
the state of the surface, it does not cause % serious error in the data
of Fig. 31.

The current-potential curve of Fig. 31 is most prmising:
the critical current is reasonably high and the passive current is

2interestingly low (- 150/IA/cm )and observed over a wide range of
potential (0. 2 to "1.5 v). After 15 hours at 0. 8 v, the passive current
fell to 55/AA/cm 2. For Zn itself in IN KOH, ic is "'35 mA/cm2 and

2i is -4.5 rmA/cm . The ratios of the critical currents (the maximum
current we can araw from the anode) in going from Zn to the alloy is

0. 22, while the ratio of passive currents is ,-'0. 012. Thus, we have
only depressed ic by a factor of 5 but we have lowered i by aiout 80
times. The Co-Zn system is evidently approaching the desired behavior
for a passive-reserve battery, although its passive current is still too
high.
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After 15 hours at 0. 8 v, the electrode was black and difficult
to activate. After 64 hours at 0. 2 v, the electrode was black and shiny

and the passive current was 56 ,gA/cm 2. H2 -evolution occurred on this
black layer when a cathodic pulse was applied, and complete activation

of the electrode with cathodic pulses did not appear possible. Thus at
0.0 v, the current was only "w1. 3 mA/cm2 (as against -7. 5 mA/cm2

for the original specimen).

In 6N KOH, the 78 Zn - 22 Co alloy also showed promising
behavi" (I'ig. 32). T-.a rest potential was - 0. 16 v and a separate

experirlent showed that H2 -evolutiort at open circuit was 1. 0 mA/cm
The current in the active dissolution region (4 0. 0 v) was quite steady
but above this, fell with time. The data in Fig. 32 are for currents

taken point-by-point after 5 min at each poten:til. At 0. 1 the electrode
bezame black and remained so subsequently. The critical current is

110 mA/cm2 (vs. 350 mA/cm2 for Zn, a ratio of 0. 31), and the passive
current (after 15 hours at 0. 2 v) is 0. 21 mA/cm2 (vs. 55 mA/cm2 for
Zn, a ratio of 0. 004). Thus the alloy is much better than Zn and better,
relatively, than IN KOH. The passive current is now, of course,

too large (210,.A/cm2 ) for use in the passive reserve mode.
, Galvanostatic activation was attempted after potentiostating

in the passive region (+ 0. 2 v). After 30 min at 0. 2 v, a black layer
formed on the electrode which was partially reduced during a - 150

2mA/cmr charging current. The remainder peeled off when H2 -evolution
was reached. The current at 0. 0 v was 63 mA/cm2 as against the

original 110 mA/cm2. Subsequent alternate treatments of -0. 2 v and
- 150 mA cM2 led to further deactivation, viz. current of 33 and
9 mA/cm . Attempted activation after 15 hours at 0. 20 v (during
which the current went down to 210 #A/cm 2 ) was quite successful, viz.2 22

1. 5 coul/cm at - 300 mA/cm yields a current of 20 mA/cm2 at 0.0 v.
A further 3 coul/cm2 activated the electrode to 29 mA/cm2 . These
results are summarized in Table Il.

Thus, the 78 Zn - 22 Co alloy is reasonably promising in
KOH solutions in that its passive current is approaching the desired
level, its ic /p ratio (-v 500:1 in 6N KOH) is also approaching an
acceptable level, and it can be activated to a considerable extent, at
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Table II

Activation of 77. 8 Zn - 21. 6 Co Alloy
6N KOH at 30. 0°C in N2 -Saturated Solutions

Current (ma/cm2)

I. Passive Pcential I min 3 nin 5 min

+0.20 v +30 9.6 7.5

Activate by 300 ma/cm2 cathodic pulse for 20 sec.

10 sec 30 sec 60 sec 120 sec

Current at 0. 0 v 2.7 1.1 1.1 2. 1 ma/cm2

% Activation 297% 14. 5% 14. 5%c 27%

Current (ma/cm.)

II. Passive Potential 30 min

+0. 20 v 1. 4 ma/cm2

Activate by 300 ma/cm2 cathodic pulse for 30 sec.

10 sec 30 sec 60 sec 120 sec

Current at 0. 0 v 48 54 72 69 ma/cmz
% Activation 50o 56% 7597% 72%7

Current (ma/cm).

II. Passive Potential 30 m~n

+0. 20 v 1. 1 ma/cm2

Activate at - 0. 3 v (0, 360 ma/crm2 cathodic) for 30 sec.

10 sec 30 sec 60 sec 120 sec

Current at 0.0 v 78 72 75 75 ma/cm2

% Activation 70%0 65%0 68% 68%
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Table U (Cont.)

Curient (ma/cm2)

IV. Paesive Potential 30 min

+0.2 v
Activate at - 0. 25 v (" 210 ma/cm2 cathodic) for 30 sec.

10 aec 30 sec 60 sec 120 sec

Current at 0. 0 v 45 42 57 60 ma/cm2

o Activation 45% 427% 577% 607%

Current (ma/acm 2)

V. Passive Potential 15 rmin

+0.2 v 1.4
+k).8v 2.6
+1. 2v 1.2

2Activate at -0, 3 v (-1300 ma/cm cathodic) for 30 sec.

10 sec 30 sec 69 aec 120 Lec

Current at 0. 0 v 54 48 48 54 ma/cm2

%Activation 52% 46o 46%o 52%o

Current (ma/cm2)

VI. Passive Potential 30 nun

"+0Q.2v 1.4 m
Activate at -0. 3 v (-, 420 ma /cm2 cathodic) for 30 sec.

10 sec 30 sec 60 sec 120 sec

Current at 0. 0 v 75 59 69 75 ins/cm2

% activation 669 61% 61%

6-6



least in 6N KOH. The passive current is probably controlled by the
solubility of the appropriate passivating film and it may be possible

to limit this by additions +o the electrolyte.

2. Alloys in the &', phase

An alloy with a nominal composition of 89 Zn - 11 Co, which
corresponds to the -YI- phase of the Zn-Co system, was also studied.

Polarization curves for this alloy are shown in Fig. 33.
A typical active-passive transition is observed in N KOH

at about +0. I v and 15 mA/cm2 ; in 6N KOH, the critical potential and

current are 0.0 v and 25C mA/cm2 , respec vely. The currents are
extremely steady; generally, the current at the end of 3 rain was the
same as that after 30 min at any given potential. Even foi long times,

no appreciable change in the current is observed; (e. g. af er 15 hours
at 1. 2 v in N KOH, the current changed from 4.0 to 5. 0 x I0-4 amp/cm2).

Activation of the 89 Zn - 11 Co alloy was relatively easy
even in N KOH. Starting at 1. 2 v (passive current 5.0 x 10-4 amp/cm 2

after 15 hrs), a cathodic pulse of 300 mA/cm2 was applied. The visible
oxide layer "peels off' and the passive layer is presumably also reduced.
The potential was stepped to zero after 15 sec, and the current observed
as a function of time: It is initially higher than in the steady state and

slowly drops to the values given in Fig. 33. For example, after 1 min
at 0. 0 v, the current was 19 mA/cm 2; after 2 min, 15 mA/cm2. These
values are to be compared with the steady-state value of i I mA/cm2

givenin Fig. 33,

Although the passive characteristics of the 89 Zn - 11 Co
alloy are rrmuchimproved over those of pure zinc, the passive currents
in both N and 6N KOH are too large for the intended application.

3. Alloys in the A. -phase

Homogeneous alloys containing approximately 44% Co

(,6 1 -phase) were pr-epared in sealed, quartz ampules which prevented
the loss of Zn.

The anodic polarization curve of the ,g1 -phase in 6N KOH
is shown in Fig. 34.
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The ar.odic polarization curve of the 44% Co alloy has bee..

uniformly shifted to lower currents in comparison to that of the 18%

1 Co. This is true both in the active and the passive potential regions.

The long termi (16 hrs) cmurents ire about ten times smaller. We see,

therefore, tha,- increasing additions of Co improve the passive

characteristics, a result which was expected. However, Co also

decreases the active current and shifts the critical potentiai by 50 mv

in the positivc direction. The passive current decreased by a factor

of 6. 1 while the current density in the active region decreased by a

factor of 3.5.

4. Long-Term Passivati-n Behavior

"The lorg term behavior of an alloy containing Th,% Co

(X'-phase) is shown in Fig. 35. The electrode was polarized as before

from the active region w 0. 6 v and kep; at this potential over the next 264 hrs. The passive current decreased from its usual value oi 3 ma/cm

at the end of 5 rin. to I ma/cm 2 i! about 20 l'rs. Beyond this time, it

inc,-eased again and reached a steady state which was not much different

from the 5 min. vajue, vrT. 3 ma/cm2 . Tis result was somewhat

surprising since, in ge-erji, one effects a more or less e-,.-mential

decay to a final steady value. TI-e type of curve obkained is probably

due to roughening of the electrode because of the relatvely bhgb
dissolution rates. The high dissolu-i.on rate is, of course, due to the

relatively high solubility of the passive layer in 6 N KOH.

5. Summary of Zn-Co Alloys

Alloys with low Co content (-'11%) corrode at too high a rata

in the passive re gon; alloys with high Co content (-, 44%) corrode at

a low rare, bNt are difficult to activate. Intermediate Co contents
-M20%J), yield relatively low corrosion rates inthe passive region and

allovs which can be activated relatively easilv. However, the passive

corrosion current on 6V KOH is still higher than an accepable maximum

by abouL an order of m-agnitude.
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b) Passivation of Zn-N. Aloys

It is known that Ni hasp good corrosion resistance to aIl
solutions, and therefore, we carried ouz An examination of the corrcion

of Zn-Ni alloys.

1. Alloys in the K -phase

The ninal composition of these alloys was 80% Zn - 20% PI.
Chemical analyses showed 19 to 21%, the balance being Zn.

Figure 36 shows the current-potential curve (10 min points)

for 80 Zn - 20 Ni in 6N KOH. The open circuit jctential was - 0. 135 v.

The currents in the active region were fairly steady; e. g. at 0.1 v there

was <10% change from I mrin to 5 min. in the passive region the decay
of current was greater and at 0. 7 v, for example, the current fell 40%

from I min to 5 mrin and another 3C% from 5 mrin to 10 mrin. The active

dissolution of the alloy is quite good (ic -50 mA/cm2) although -. quite
as good as the Co alloy in 6N KOH (Fig. 32) and at a higher potential

(+0. 1 v vs 0. 0 v). The electrode became black in the active region and
some H2 was evolved. Examination of the surface shared that tis

evolution appeared zo occur on specific perts of the surface, perhaps at

grain boundaries.
After 15 hours at 1. G v, the passive current fell to 80/#A/cm

which is -1/3 of that for the Co alloy in 6N KOH (210 #A/cm 2 ). The

critical current for the alloy (50 mA/cm2) was 0. 14 that of Zn in 6N KOH

and the passive current was V, 0. 0014 :hat of Zn. The ratio of iCA p
(600:1) is a little better than that of the Co alloy.

The anodic behavior of the 80 Zn - 20 M alloy in 1, 3, and

6N KOH at 309C is shown in Fig. 37. The critical potential (vs RHE)
is essentially independent of the KOH conentration. In other words,

it shifts to more nobIe values in the same way as the reversible hydrogen
electrode (,'60 m' per unit change in activity of KOH). The critical

carrent increases with KOH conceitration from about 6. 0 mA/cm2 in

N KOH to E0 mA/cii2 in 6N KOH. The passive current also increases
with KOH concentration fr -an about 0. 055 mA/crn" in N KOH at 0. 25

rpA/cm2 in 6N KOH.
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Id
As mentioned above, the passive currents are time-dependent,

while the currents in the active region are not. For example, in

6N KOH the passive current decreases from the value given above
?a 2(250 #A/cm ) tu 80,#A/cm in 15 hrs. In N KOH and at a fixedSicm2

potential of 0. 80 v, the passive current decreases from 55,&A/cm
to 32 ,&A/cm 2 in 16 hours (see below).

It should be pointed out that, in general, the passive current
is expected to decrease as a function of the logarithm of time. This

is because the passive film thickens according to a direct logarithmic
relation for most metals and alloys.

Activation of 80 Zn - 20 Ni Alloys

The activation characteristics of passivated 80 Zn - 20 Ni
alloys in N KOH were studied in detail. Cathodic chronopotentiograms,
obtained at a cathodic current density of 200 mA/cm 2, are shown in Fig.
38 for alloys passivated at 0. 8 and 1. 2 v. It is evident that no reduction
plateau exists for alloys previously passivated at 0.8 v, while a very
distinct potential arrest appears with alloys passivated at 1. 2 v. Since
it is clear from the anodic curve that a passive film is present at 0. 8 v,
we conclude that the passive layer formed at relatively low potentials
is difficult to reduce. On the other hand, the passive film formed at
higher potentials is apparently more easily reducible.

Similar results were observed in 3N KOH. In 6N KOH a

potential plateau, corresponding to oxide reduction, is apparent
after passivation both at 0. 8 and 1. 2 v.

Preliminary experiments showed that it was relatively
difficult to activate alloya in 1 and 3N KOH by cathodic pulses of the
order of 200 mA/cm2 . Accordingly, the activation characteristics were
studied in 6N KOH.

Figure 39 presents results on the activation of 80 ZN - 20 Ni
in 6N KOH solutions. In each case the electrode was passivated first at
0. 5 v until the passive current density was 300 ,kA/cm2 (generally
requiring about 15 min), then the potential was increased to values
between 1. 45 and 1. 6 v for 60 sec, and then it was lowered to 0. 0 v
vs RHE and the current observed as a function of time. Figure 39 shows

the ratio of the current obtained after the sequence described above,
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FIg. 39 Activation of passive 78 Zn - 22 NI
as a function Of time at 0. 0 v in 6NKOH. Before each point, the passive
electrode was polarized for 60 aec
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to the current obtained at 0. 0 v for a fresh surface of the rar'e electrode.
The ratio cap be considered as a percent activation and, ia, in fact, so

denoted on the figure.

The results show that anodic pretreatment of a passive
electrode leads to activation (v70TO) in times between 20 and 60 sec.
There are some differences between the lowest and the highest
potentic.s used, but these are relatively minor. Figure 40 shows the
effect of time at the second potential, in this case 1. 6 v, on the ease

of activation. The potential sequence was the same as in Fig. 38,

but now the electrode was left at the more positive potential for times

varying between 5 and 60 sec. The figure shows that the ease of

passivation increases the longer the electrode is pre-polarized at
1.6 v. Under the best conditions, 60 sec at 1.6 v, 75% of activation
is achieved in a total time of 90 sec (t)O sec at 1. 6 v and 30 sec at 0. Ov).

The reproducibility of these results is illustrated in Fig. 41

which shows a duplicate series of runs for 20 and 30 sec at 1. 6 v. In
general, active currents were reproducible to about 10O.

The long term behavior of 80 Zn - 20 Ni alloys is shown

in Fig. 42. The electrode was polarized in steps using a potential of

0.6 v and kept there over the next 70 hrs. The current in 6N KOH

decayead from 1. 8 ma/cmh at the end of 5 min. to 0. 1 ma/cm2 by

the end of about 10 hrs. and essentially remained at this value thereafter.
This is to be contrasted with the behavior of the Zn-Co alloys, which was

described above.
The same alloy was studied in IN KOH and the results are

also shown in Fig. 3 . The current at 0. 6 v at the end of 5 min. was

0. 3 ma /cm 2 and then decayed to about 0. 003 ma/cm2 in approximately

the same time and remained in the range of . 001 to. 003 over the next

50 hrs.

2. Alloys in the 9, -phase

Homogeneous Zn-Nit alloys in the A'-phase were prepared

similarly to the Zn-Co alloys. The composition is 45% Ni - 557c Zn.
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An electrode made fro- thi alloy was passi'veor very
nearly pasive ever at very low pctemials. The electrode geerally
tendedtoshow cathodiccurrents evenat.0vots vs R.H.E. and the
active dissolution region was non-exhfteM Catxhdc polatizat n
had a negligible effect. It was appsuvnt that an aioy with such a high
percentage of Ni is not useful as a battery electrode.

3. Summary of Characteristics of Zn Alloys

The results with zinc and zinc alloys in N and 6N KOH
are sunmarized in Table MI. Alloying, in general, shifts the dissolution
curve in the active region to more positive potentials; the critical
passivation potential is also displaced to more positive values. The
passive current is decreased by factors up to 100. Long-term currents
show even greater differences since the passive current on zinc is
not time-dependent, while for the most promising alloys, it decays
with time.

The passive currents can be modified substantially by
additions of larger quantities of either Co, Zn or Ni. As expected, the
active dissolution characteristics are also modified towards smaller
dissolution currents at any given potential in the active region. The
critical potential is also shifted to more positive values, but this effect
is relatively small.
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Table IMI

Critical Potexcials and Cu'rrents and Passive Currents cf Zn Alloys

(30.0 0 C)

Critical Critical Passive Curremn
Electrode Potenial Current (at 0. 6 to 0. 8 v)

22
Zn (IN KOM, -0.1 v 32 ma/cm 7 ma/cm2

Zn (6N KOH) -0. 2 v 275 " 80

80 Zn-20 Ni(N) -40. 1 v 6 ma/cm2  0. 07 ma/cm2

80 ZN-20 Ni (6N) +O.1 v 50 " 0.3

78 Zn-22 Co (IN) 0.0 v 7.5 ma 0. 1 ma/cr.AL

-078 ZN-22 Co (6N) 0.0v 116 " 2.8

Ic2 j ma 289 Zn-lI Co (IN) -+0. 1 v 15 ma/cm L 0 ma/cm,

89 Zn-1l Co (6N) 0.0 240 18

90 Zn-10 Fe (6N) 0.0 45 ma/cm2  20 ma/cm2

83 Zn-17 Mn (IN) <-0. 2 A., 3 ma/cm2  2 ma/cm2

Note: Values given for current are generally at the end of 5 min.
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VMI WEED ELE*1TRDLYTES

The anxlic dissoluilo curves of the me:: promising aLlo's (namely
82 Zn -18Coa80Z - 20 I ) were oItained in N KOH a lng! neutmral
sals. The purpose at this study was to explore the possible electrolyte
compositions which had sufficien m codutvity for batteries but at the same
time gave nore favorable passive currents for the battery anode We
explod systems otaining sulfate, percblorate, chloride, and fluoride salts.

a) 82 Zn - 18 Co Alloys

The anodic dissolution curve of the 82 Zn - 18 Co alloy in N KOH
and 0. 4 M K2 S0 4 (,v a saturated solution) is shown in Fig. 43. If we

ompare this wi* the results for the same alloy in N KOH solution (see
Fig. 31) we find smaV1 changes in the critical current and passive current,
while the critical p-tental remains essentially unchanged at 0. 0 v. The
criticai current decreases from 7.5 to 5.5 mA/cm 2, while the passive

current increases from 0. 1 to 0. 15 mA/can2.
Figu-e 44, gives similar results for this alloy in a soluion N

in KOH and KCI. Again, the critical potential and the critical current
are essentially unchanged. The passive current is also of the same order

as in KOH alone. However, the passive current in chloride solutions
increases with time, while in KOH, it decays with rime. For example,
at 0. 6 v the current in N KOH and N KC1 increases from 0. 045 mA/c 2

to 0. 12 mA/cm2 in 15 hrs. The opposite behavior was observed in KOH.
(See arrow in Fig. 31). The increase of the passive current with time
may be due to the well-known tendency of Cl ion to penetrate passive
fiLms, and, in some cases to produce pits.

Data on 82 Zn - 18 Co in M NaClo 4 - N NaOH solutions are shown
in Fig. 45. Solutions containing sodium rather than potassium ion were

useta because the potussium salt of the perchlorate anion is not sufficiently
soluble.

Similar data for this alloy in M KF - N KOH solutions are shown
in Fig. 46, These data, together with data previously reported for chloride

and sulfate .Jo!utions are summarized in Table IV, in terms of the critical
current and potential and the passive current (at a fixed potential of 0. 6 v).
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Table IV (a)

Dissolution Charicterlstlcs of 82 Zn - 18 Co at 30° C

2 (amp/cm E (v vs R.H. E) (

_ cd.t - at E= 0.80V

N KOH() 7.8 x 10-3  0.0 1.0 x 10-4

NKOH-+ 0. 4 K2SO4 (sa() 5.2xI0 3  0.0 1.5 x 1064

S N KOH+MKC 2  5.7 x 10-3  0.10 .4x10 4

N NaOH + M NaCIO4 (2 ) 5.5 x 10 3  0.0 .7x10.

N KOH+- M KF( 2 ) 6.6 x 10 3  0.0 3.'x104

(1) These data were obtained vdth an alloy 77.8 Zn - 21.6 Co
The higher the Co concentration, the smaller the expected i pas.

(2) These data were obtained with an alloy 82.3 Zn - 17.3 Co

Table IV (b)

Activation Characteristics of 82 Zn-18 Co at 30&C(1)

2
Solution icrt(amp/cm2) % Activation

N KOH + 0. 4K2SO4 (sat) 2.6 x 10-3 50

N KOH+ M KCI 2.5 x 10"3  44

NNaOH + M Na CIO4  . 65 x 10 3  30

N KOH+ M KF 4.2 x 10- 3  65

(1) Electrodes activation by 125 ma/cm2 cathodic, galvancstatic pulse.

8 89-
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Activation Cbaracteristics of 82 Zn - 18 Co in Mixed Electrolytes

Activation of passivated alloys in solutilons containing inert salts

wa6. .tvJied as in Sec. VIL As before, It was foimd that the cobalt alloys

could be activated with greater ease tha- tue nickel alloys. The activation
behavior in sak solutions was generally similar to that in N KOH alone.
The general behavior of Co alloys is illustrated in Table IV (b).

b) 80 Zn - 20 Ni Aloys
The behavior of 80 Zn - 20 Ni in solution containing sulfate (Fig. 47)

and chloride (Fig. 48), is substantially the same as in N KOH alone. The

passive potential remains unchanged at about + 0. 1 v and the critical current
at between 6 and 8 mA/cm2 . The passive current is also little affected,
being generally about 0. 1 mA/cm2 . It appears that the passive current may

be somewhat higher in the solutions containing the inert salt that it is in

KOH alone.
Potentiostatic curves run on the 80 Zn - 20 Ni M NaClO 4 - N NaOH

and M KF - N KOH are shown in Figs. 49 and 50. These data, together with
results for chloride and sulfate solutions are summarized in Table V.

Activation Data:

Activation of passivated alloys in solutions containing inert salts

was studied as before (see Sec. VII).
Zn-Ni alloys did not activate well directly and it was necessary to

follow the anodic - cathodic sequence described previously for KOH solutions
alone. The results were essoentially the same as in N KOH alone.

The long-term behavior of these alloys has not been studied in detail.
Some data were obtained in N KOH + 0. 4 M K2SO4 (sat) solutions. The
passive current at 1. 2 v in-lSJs was 7.5 1 aand the specimen,

after activation by a cathodic pulse-of 100 ma/cm2, showed a critical current

of 3.9 ma/cm2 , or 75%0 activation. It should be pointed out that 1. 2 v falls
within the region of secondary passivation, i.e., when a higher valence oxide
is apparently formed.
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Table V

Dissolution Characteristics of 80 Zn - 20 NI at 300 C

2i 9arnp/cm 2
Souic2 EpassH.)______

Solu___n lcrt(amp/cm) Ecrit(V vs R. H. E) at E = 0. 8v

NKOH(') 6.0x 163 0.10 6.8xl10 5

N KOH + 0.4 M K2S04 (sat) 7.8 x 10'3 0. 10 1. 1 x 10-4

N KOH+ M KC1 7.8 x 10"3  0.10 9.0 x 10- 5

N NaOH + M NaC104 7. 2 x 10- 3  0.10 1.3 x 10-4

N KOH+ M KF 5.6 x 10"3  0.10 6.8 x 10l5

(1) These data obtained with 79.2 Zn - 20.3 Ni
(2) These data obtained with 81.9 Zn - 17. 9 Ni
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c) Cathodic Polarization Curves

Cathodic polarization curves were obtained in the mixed
electrolytes. Examples of such curves are shown in Figs. 51 ad 52.
Data for the mixed electrolytes are summarized in Table VI. The Ni
alloys are generally better hydrogen electrodes than the Co alloys.
The Tafel slope is essentially the same for all solutions and both alloys
suggesting the same mechanism for the hydrogen evolution reaction on
all electrodes.

Concluions

A N KOH electrolyte can be modified substantially 1-r addition

of inert salts without major changes in either the anodic or cathodic
properties of 82 Zn - 20 Ni alloys or of their activation properties.
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Table VI

Cathodic Polarization Curves of 82 Zn-18 Co and 80 Zn-20 Ni in Mixed
Electrol-s

(AU runs made at 300C prior to passivatlon)

82 Zn - l8 Co

2Current (amp/cm2)
Solution Tafel Slope (v) at- 0. 2 v vs R.H.E.

N KOH(1) 0.089 1. 05 x 10 3

N KOH + 0. 4 M K2SO4 (sat)(2) 0. 083 0. 78 x 10"3

N KOH + M KCI(2) 0.078 1.20 x 10 3

N NaOH + M NaC1O 4(2) 0.086 0. 36 x 10-3

NKOH+MKF(2) " 0.095 0.75x10-3

80 Zn - 20 Nl( 3 ) 2
Current (amp/cm)

Solution Tafel Slope (v) at - 0. 2 v vs R. H. E.

N KOH + 0. 4 M K2SO4 (sat) 0. 085 2.4 x 10"3

N KOH + KC1 0.084 4.4 x 10"3

N NaOH + M NaCIO4  0.084 1.3 x 10"3

N KOH+ M KF 0.080 8.0 x 10 3

. .)Alloy 77.8 Zn -21.6
Al~loy 82. 3 Zn - 17.3 Co

3 Alloy 81.9 Za - 17.9 NI
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IX. COMPARISON OF PRIMARY, PASSIVE BATTERIES TO
GAS ACTIVATED BATTERIES_

The main advantage of a primary battery operated in the passive
mode over conventional reserve batteries is the possible saving in weight
and volume because of the elimination of separate storage of electrolyte.
In this section we attempt to compare primary batteries activated by a

gas generator fired system with passive batteries. Since these batteries
are in an early stage of development, it is difficult to arrive at anything

more than semi-quantitative estimates.

We consider two types of reserve batteries: Silver-Zinc activated
by a gas generator and Magry.asium-Dinitrobenzene activated by ammonia

vapor.

Although there are several reports in the literature on activation
systems, detailed data on comparative volumes and weights are lacking

since these are apparently not standardized. In Table VII we have
collected data available to us; from these we made an attempt to estimate
the contribution of the activator system to the total weight and volume.
It appears that the activator amounts to about 25 to 307c of the battery

weight and to about 80 to 90% of the battery volume.

Batteries employing a M&/DNB couple (or m-DNB), have stored
electrolyte or ammonia in a separate compartment, They are activated

by firing pyrochemicals which rupture the liquid container and introduce
ammonia into the plates. Engineering data are not generally available.

However, we have compiled in Table VIII what are the goals of current

development efforts; present systems approximate, but do not quite
achieve, the perfeormances indicated. It should be noted that the systems

described in Table VIII were ,'.esigned to minimize volume rather than
weight. The contributios ct the various components to the total weight
are not avaiiable exactly, but the following approximate values have been

obtained for the FC-2 battery (see Table VIII). The battery section, i. e.
active materials, electrode structures, and separators, accounts for

about 10% of the total weight. The rest of the weight is electrolyte and

activator system. The weight is approximately distributed as follows:

-100i



* Il

IS m 0

wwi

Cf1 ,

r45

C44

o II4

4s'f



U) U (a

4) 4t

0%0

caa

oz CA c 0Q

c4~ ~ ,, -O



Total Weight 285 g
Battery 30 g

Electrolyte 10 g
Activator 15 g
Ammonia Container 120 g
End Plates 80 g
Case 50 g

We estimate that about 70 to 75% of the total weight and about
20% of the volume is associated with separate storage of the electrolyte.

We have, therefore, two extreme conditions: In one case the
weight contribution is low (,'25%) but the volume contribution high (40%);
in the other, the additional volume is low (,-20co) but the added weight
is high (-7570).

In order to estimate the minimum characteristics of a primary
battery operated in the passive mode which would make it comparable
to the above systems, we assume that the battery will be operated at

2 2100 ma/cm (about 600 ma/in ) for 5 minutes. We also assume vilat
the active material accounts for 50% of the weight of a battery (minus
activator weight).

If the corrosion rate in the •assive state is 1 x 106 amp/cm
there is a loss of about 30 coul/cm per year. This requires an increase
in active material, to make up for this loss, by a factor of 2. In view
of the weight ratios estimated above, this increase in active material
is equal to the saving in weight produced by elimination of a gas generator
type of activator, provided all other factors remain the same. It is

apparent, therefore, that a minimum acceptable corrosion rate if
I ,a/cm2 (and that a aesirable rate is 0. ly'a/cm2). At this !evel, the
weights are equal but there will be a substantial saving in vouame. If
we assume that the volume of the active material is also about 50% of

the battery (less activator), we tiod a volume saving of about 50%.
The best value achieved in the current •rogram (5-10,#a/cm')

was higher than the minimum rate of 1 /a/cm calculated above.
"Therefore, none of the anode-electrolyte combinations are suitable for
application in the mode suggested. Although the al- ce calc•.'ions are

3nly approximate, they indicate that a corrosion rate 'f between 0. 1

and 1. O0.a/cm2 must first be achleved before any other o:,imizationstudies are attempted.
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X. RECOMMENDATIONS FOR FUTURE WORK

One of the main results of the current study was that electro-
chemical passivation of the zinc anode itself is possible but not satisfactory
because the passive current is too high in both IN and 6N KOH. This
suggested alloying of zinc to modify its passivation characteristics. The
corrosion resistance of a number of possible alloying constituents in alka-
line solution was investigated. Co, Fe, Ni, Mg, Cu, Mn and Ti showed
reasonably promising properties but the dissolutioui j aracterisrics of zinc
with Cu, Mg, Mn, an,' Fe showed that they were not, in f-ct, suitable for
the present purpose.

The characteristics of the group VIII alloys, pardicularly those with
Co and Ni, are promising. For example, the critical current for 81 Zn -
19 Co is #v 100 mA/cm2 and the loss of petential due to a l!oying is only
Ao 0. 15v. The ratio of passive to critical currents (= ratio of storage to
discharge life) is still too low ( N 175 in 1 N KOH and v, 50W in 6 N KO"').
The passive current in 1 N KOH ( 56 ý A/cm2 ) is scarcely acceptable but
one may hope to improve this by further optimization. The results for
Zn-Ni are even more promising since the duty/storage ratio is higher
(N 600 in 6 N KOH, tw 200 in 1 N KOH), and the storage life is longer

(ip is 32 A/cm2 in I N KOH). Activation of passivated Zn-Ni electrodes
with cathodic pulses can be carried out after an anodic treatment. The
anodic treatment probably injects higher valence ions and defects into the

oxide lattice which facilitates rcduction.
A second method of passivating a zinc anode in a silver/zinc battely

was explored: mechanical pas,,!ivation by plating of Copper which was then
removed with an anodic pulsx • >is mechanical passivation scheme was

shown to be feasible for somc dh clectrodes. Suggestions have been
made which show that su.h a protec'tive layer could be applied to a pressed,
porous zinc electrodc.

Further lines of approach are:
1) Mechanical Passivation

The properties of some of the zinc anodes in alkaline
solution with respect to dissolution should be investigated in the presenee of
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